While the stellar Initial Mass Function (IMF) appears to be close to universal within the Milky Way galaxy, it is strongly suspected to be different in the primordial Universe, where molecular hydrogen cooling is less efficient and the gas temperature can be higher by a factor of 30. In between these extreme cases, the gas temperature varies depending on the environment, metallicity and radiation background. In this paper we explore if changes of the gas temperature affect the IMF of the stars considering fragmentation and accretion. The fragmentation behavior depends mostly on the Jeans mass at the turning point in the equation of state where a transition occurs from an approximately isothermal to an adiabatic regime due dust opacities. The Jeans mass at this transition in the equation of state is always very similar, independent of the initial temperature, and therefore the initial mass of the fragments is very similar. Accretion on the other hand is strongly temperature dependent. We argue that the latter becomes the dominant process for star formation efficiencies above 5−7 %, increasing the average mass of the stars.
INTRODUCTION
Star formation started with the first stars, which were expected to form from a primordial gas, where cooling was predominantly regulated via molecular hydrogen H2 (Saslaw and Zipoy 1967; Palla et al. 1983; Galli and Palla 1998; Glover and Abel 2008; Clark et al. 2011a,b) . While H2 cooling never decreases the gas temperature below T ∼ 200 K, the contribution from HD, however, decreases the gas temperature to T ∼ 50−100 K (Ripamonti 2007; . This is an indication that the Jeans mass (MJ) was enhanced compared to present-day clouds, which was originally thought to lead to stellar masses of 10−1000 M (Abel et al. 2002; Bromm and Larson 2004; Yoshida et al. 2008; Latif et al. 2013; Latif and Schleicher 2015) . Taking into account the process of disk fragmentation and possible early ejection from the disk, the final masses of protostars, however, were found to be 0.1−10 M (Greif et al. ). 2010 . While most of the extremely metal poor stars still have carbon and oxygen abundances that are consistent with metal line cooling (Frebel and Norris 2015) , the discovery of DSS J102915+172927 (Caffau et al. 2011a,b; Schneider et al. 2012) suggests that dust cooling must be relevant in some cases Bovino et al. 2016) . Clark et al. (2008) focusing on star formation in the early universe at very low metallicities have suggested a connection between the presence of angular momentum and fragmentation in self gravitating disks. They have concluded that it leads to the formation of the first stellar clusters. However, even in the presence of additional cooling mechanisms via metals and dust, the gas temperature will never decrease below the limit defined via the cosmic microwave background (CMB). The latter provides a minimum gas temperature that depends on cosmic redshift.
Once the metallicity reaches the point where cooling becomes efficient, the characteristic gas temperature will be driven by the temperature evolution of the CMB, or alternatively by other radiation backgrounds, for instance in or in the vicinity of starburst galaxies, or in general in regions that are exposed to stronger radiation fields, including part of the ISM of our own Galaxy. While in the present-day Universe the IMF of stars appears rather universal (Kroupa 2002; Chabrier 2003; Kroupa and Weidner 2003; Chabrier et al. 2014) , some evolution will be expected in the context of star formation at high redshift, as the minimum temperature provided by the CMB will be enhanced. Based on indirect considerations a top-heavy IMF at zero-metallicity has been suggested by Bromm and Larson (2004) . Also, Clark et al. (2011b) have investigated the collapse of high-redshift halos with metal free turbulent gas that remains unaffected by the prior star formation, suggesting on average relatively smaller masses compared to previous studies. However, in their simulations the accretion is still ongoing, and the system is still young. The masses they report are most likely not the final masses of the protostars. Hence, their mass estimates may still be higher than in the present day interstellar medium (ISM).
The IMF is influenced by both the process of fragmentation and the protostellar accretion inside a collapsing gas cloud. The fragmentation itself strongly depends on the evolving Jeans mass MJ in the gas cloud (Larson 2005) . The Jeans mass MJ depends on the critical density where the equation of state (EOS) is changing, typically from an approximately isothermal behavior at lower densities to an adiabatic behavior at high densities, once that the dust opacity becomes relevant and efficiently suppresess cooling. Clark et al. (2009) employed a polytropic EOS based on models of with an effective adiabatic index γ = 1.06 for simulations of a primordial gas with Z = 0, Z = 10 −6 Z , and 10 −5 Z to study fragmentation. Their findings suggest that even for a purely primordial gas fragmentation occurs at 10 −10 g cm −3 ρ 10 −8 g cm −3 . However, the resulting mass function is biased towards higher masses. Also, the gas with Z = 10 −6 Z exhibits less efficient fragmentation with expected stellar masses of several tens of solar masses.
Our simulation scheme is similar to Clark et al. (2008) , as we also include the effects of rotation and follow the collapse up to an increase by ∼ ten orders of magnitude in the gas density. Jappsen et al. (2005) suggested that the super-sonic turbulence in self-gravitating molecular gas can generate a complex network of interacting filaments and that the overall density distribution could be highly inhomogeneous. They pointed out that turbulent compression can sweep up gas in some parts of the cloud, but other regions become rarefied. Peters et al. (2012) have shown that the latter is strongly related to the equation of state, and requires γ 1. The fragmentation behavior of the cloud and its ability to form stars hence depend strongly on the EOS. We consider in our present work gas with transsonic turbulence corresponding to a Mach number M = 1.0, and still we observe strong filamentary structures forming within the gas and hosting most of the protostars emerging in collapsing gas. Lee and Hennebelle (2018) have demonstrated that the peak of the mass spectrum after fragmentation is determined by the point where a transition from isothermal evolution to an adiabatic evolution occurs due to the dust opacities. Also, Lee and Hennebelle (2019) have discussed the classical point of view in which the fragmentation of a medium is characterized by the Jeans instability. Even in the presence of magnetic fields, they found this to lead to a universal IMF.
On the other hand, protostellar accretion is another mechanism in the star forming gas that may influence the IMF. The protostellar accretion rate in the self-gravitating regime can be estimated as the Jeans mass divided by the free-fall time, leading toṀ ∼ MJeans/t ff ∼ cs 3 ∼ T 3/2 . In this we aim to quantify the importance of accretion which in our results clearly becomes significant over time. We explore this possibility in the context of simplified toy models. For this purpose, we assume that metal and dust cooling is sufficiently efficient, so that the gas temperature is set by the temperature of the CMB, potentially including contributions from other radiation fields. We are only interested in investigating approximate trends, and will assume an initially isothermal evolution, with a transition to the adiabatic regime once the gas becomes optically thick to the dust grains. We present a set of collapse simulations exploring initial gas temperatures from 10 to 50 K. From the relation Tr = 2.725 (1 + z), our selected range of temperature approximately corresponds to the redshift z = 2.7−17.3, if interpreted to correspond to the temperature of the CMB. In case of a truly zero metallicity the gas would be expected to remain isothermal for even longer and we would not expect to see a transition due to dust opacities, which we model here. But we note that even at high redshift, metal enrichment is rapid and the first generation of stars is expected to be short lived. Also, there is evidence for the presence of dust at significantly higher redshift environments (Wilkins et al. 2016; Valiante et al. 2009; Maiolino et al. 2004) . We also refer to other studies for explorations of the primordial collapse (see Riaz et al. 2018c , and other studies cited above).
Our main goal is to assess the evolution of the characteristic mass of the protostars as a function of minimum temperature. To cover reasonable statistics we perform our tests with two different initial seed values which provide additional outcomes to analyze for our selected range of the initial gas temperatures. Our method is presented in section 2, while the EOS is discussed in section 3. The main results are summarized in section 4 and the conclusion is given in section 5. 
METHODOLOGY
The numerical models presented in this paper are based on smoothed particle hydrodynamics (SPH). We use the computer code GRADSPH 1 (Vanaverbeke et al. 2009 ). It is a fully three-dimensional SPH code which combines hydrodynamics with self-gravity and has been especially designed to study self-gravitating astrophysical systems such as molecular clouds (Vanaverbeke et al. 2009 ). The numerical scheme implemented in GRADSPH treats the long range gravitational interactions by using a tree-code gravity (TCG) scheme combined with the variable gravitational softening length method (Price and Monaghan 2007), whereas the short range hydrodynamical interactions are solved using 1 Webpage GRADSPH: http://www.swmath.org/software/1046 a variable smoothing length formalism. The code uses artificial viscosity to treat shock waves.
The evolution of the system of particles is computed using the second-order predict-evaluate-correct (PEC) scheme implemented in GRADSPH, which integrates the SPH form of the equations of hydrodynamics with individual time steps for each particle (see Vanaverbeke et al. 2009 ). GRAD-SPH has already been utilized successfully in recent studies related to star formation (Riaz et al. 2018a,b,c) . In our model setup the total mass inside the cloud is M = 30 M and the radius of the cloud is R = 0.168 pc. The initial gas density is ρi = 1.0 × 10 −19 g cm −3 . At that density, assuming a metallicity of at least 10 −1 Z , the gas may evolve in an approximately isothermal manner, as demonstrated e.g. by and Grassi et al. (2017) .
For all models considered in the present work the gas is initially isothermal with a unique temperature assigned to each model. The free fall time is given as
(1) and is 0.188 Myr for the standard initial density ρi. The initial condition is characterized by the parameters α and β, which correspond to the ratio of thermal and rotational energies with respect to the gravitational potential energy of the cloud. These parameters are defined as
where G is the gravitational constant, k is the Boltzmann constant, µ = 2.33 is the mean molecular weight, and mH denotes the mass of the hydrogen atom. In our models, for the initial temperature ranging from 10 K to 50 K, the initial value of α varies between 0.115 and 0.578. The angular rotational frequency of the gas cloud is ω = 2.912 x 10 −14 rad s −1 . This sets the parameter β = 1 % which is kept fixed in all of our simulations. The initial setup is implemented in our SPH code by placing equal-mass particles on a hexagonal closely packed lattice and retaining only the particles within the initial cloud radius. The code uses internal dimensionless units which are defined by setting G = M = R = 1.
We inject a spectrum of incompressible turbulence into the initial conditions in our models. We adopt two distinct values for the initial random seed while creating a velocity distribution for the injected turbulence to obtain two different realizations. This translates into two sets of models, M1a−M5a and M1b−M5b. The Mach number M is set to 1.0 so that the gas in each model is subject to transsonic turbulence. The dynamical time t dyn of each model, which is equal to free fall time of the clouds is 0.188 Myr. Our treatment of sink particles (protostars) employs recently introduced sink particle algorithm for SPH calculations described by Hubber et al. (2013) . We consider the merger of sink particles as described by Stacy and Bromm (2013) . In our scheme, two sinks are allowed to merge if the following 3 criteria are met:
• Their relative distance d is smaller then the accretion radius of the sinks (1 au) so that d < racc.
• The total energy Etot of the pair of sinks is negative, so that the pair is gravitationally bound.
• The least massive sink of the pair has insufficient angular momentum to remain rotationally supported against infall onto the primary i. e. jsec < jcent, where jcent= G Mprimary d and Mprimary denotes the mass of the most massive sink of the pair.
In the SPH framework the mass resolution is defined as M resolution = 2 Nopt m particle . The number of SPH particles in each of our simulations is NSPH = 250025 and for every SPH particle the number of neighboring particles is set as Nopt = 50. This indicates that our minimum resolvable mass is M resolvable = 1.199×10 −2 M . We set a constant accretion radius racc = 1 au for the sink particles, and racc always remains greater than the Jeans length in our simulations.
We aim to explore the effect of a change of the initial gas temperature assuming otherwise similar cloud properties. We focus particularly on trends regarding the IMF and explore the fragmentation and the mass accretion dominated regimes. To allow a consistent comparison of the models we terminate all of our simulations when a star formation efficiency (SFE) of ξ = 15 % is reached, where the SFE is defined as the ratio of protostellar mass to gas mass. We use the visualizing tool SPLASH (Price 2007) which is publicly available to the community.
EQUATION OF STATE
We adopt a barotropic equation of state of the form
(4)
To derive the values for the critical density ρcrit at which the phase transition from isothermal to adiabatic takes place in each of our models we use equation 20 of . We consider the balance between the cooling which is dominated by continuum emission via dust thermal emission and compressional heating, implying
where k, σ, mH, and nH are the Boltzmann constant, Stefan-Boltzmann constant, mass of the hydrogen atom, and the number density of the gas, respectively. For the mass density, we have
which leads to the following expression to determine the critical density ρcrit: ρcrit = 6.115 × 10 −16 T 5/2 .
For each set of models we consider Tinit of 10 K, 20 K, 30 K, 40 K, and 50 K corresponding to critical densities ρcrit of 1.933 × 10 −13 g cm −3 , 1.094 × 10 −12 g cm −3 , 3.013 × 10 −12 g cm −3 , 6.188 × 10 −12 g cm −3 , and 1.080 × 10 −11 g cm −3 , respectively. The Jeans mass MJ (Jeans 1929 ) is defined as
The density evolves during the gas collapse until it reaches the critical value ρcrit, and we get
From this result, we can see that at best a very weak dependence on the gas temperature can be expected in the fragmentation-dominated regime, where a factor of 10 in the gas temperature changes the Jeans mass by less than a factor of 2.
In Figure 1 the left and the right panels show the evolution of the thermal state of the cloud as a function of its evolving Jeans mass MJ and the evolution of the gas temperature as a function of evolving gas density in the two sets of , the initial temperature (T i ), the Jeans mass of the cloud evaluated at the initial gas density (M J ), the total number of protostars produced (Nmax), the final number of protostars after mergers (Nproto), the mean mass of protostars (M * mean ) with its variance, median mass of protostars (M * median ) with its variance, the lowest mass protostar (M * min ) and the highest mass protostar (M * max ). The initial radius, mass, and average density in each model are given as 0.168 pc, 30 M , and 10 −19 g cm −3 , respectively. The error estimation is performed with a confidence interval of 68.3 %. during the isothermal phase of the collapse shows a very weak dependence on the initial thermal state of the prestellar cloud as for higher initial temperatures, the transition occurs at a higher density, thereby largely compensating for the temperature effect. In our five models, we find a very small trend for the minimum thermal Jeans mass MJ,min.
For the lowest thermal state of Tinit = 10 K set in models M1a and M1b we find that the Jeans mass MJ can attain a minimum value of 0.025 M , whereas for the warmest cloud Tinit = 50 K explored in models M5a and M5b the smallest possible value of MJ,min is 0.038 M . We note that the Jeans mass MJ at the transition density ρcrit is always very similar, independent of the previous evolution. While a very weak dependence can be expected based on these considerations, a still much larger sample leading to better statistics would be needed to show such a dependence in practice.
RESULTS AND DISCUSSION
We present a summary of the evolution of all models in Table 1 . As the simulations proceed we keep track of the protostellar mass evolution with respect to the evolving SFE in each of the gas clouds. We focus on the protostars that emerge inside the collapsing gas and also register the number of protostars that survive until the final stage of evolution when the SFE becomes ξ = 2 %, 5 %, 10 % and 15 %. We notice that at ξ = 2 %, no correlation with the gas temperature can be recognized. ξ = 5 % is a borderline case where a weak trend might be visible, while at ξ = 10 % and 15 %, it is clear that the larger average masses occur in the warmer models.
In Figure 2 we show a sequence of the face-on views describing the final states of models M1a−M5a (top) and of the models M1b−M5b (bottom). The final details of each set of model outcomes along with the respective initial conditions are described in Table 1 , which shows the results for the SFE ξ = 15 %. Table 1 provides information about the mass distribution at the intermediate stage, corresponding to ξ = 2 %, 5 %, 10 %, and 15 %, respectively.
Considering the top and bottom sequences of the panels in Figure 2 , it seems evident that the gas temperature regulates the molecular gas that collapses under self-gravity. Relatively warmer gas results in more massive sinks but lesser fragmentation and the overall structure is more filamentary for colder gas. This feature remains visible in Figure 2 (both top and bottom) where the gas in the last panel of each sequence corresponding to an initial temperature of 50 K yields a relatively small number of protostars i.e., Nmax = 12 and 11, respectively, with mean masses of M * mean = 0.500± 0.143 M and 0.643± 0.143 M . The number of protostars due to dynamical interactions and merger events becomes Nproto = 9 and 7, respectively. Contrary to this, the coldest of the clouds with an initial gas temperature of 10 K shown in the first panel of each sequence produce a total number of Nmax = 26 and 28 protostars, respectively, with respective mean masses M * mean = 0.157± 0.057 M and 0.187± 0.042 M . In this particular set of models the number of protostars due to the dynamical interactions and merger events becomes Nproto = 23 and 24, respectively.
Filamentary structures are the formation sites of em-bedded protostars (e.g. Andrè et al. 2010) . We observe strong and well resolved filamentary gas structures inside cold gas clouds which remain under the influence of selfgravity. However, shifting from cold to warm gas clouds we find that the filamentary structures appear less resolved and are more blurred. Our results suggest that warmer clouds with Ti 30 K produce more massive protostars for sufficiently high SFEs (see Table 1 for ξ = 15 %).
In Figure 3 we show for the two random seeds of the turbulence the resulting mass distributions of the protostars appearing in all five models when the SFE reaches ξ = 2 %, 5 %, 10 %, and 15 %, respectively. In these figures, it becomes more visible at SFEs of 10 % and 15 % that the number of protostars is higher for colder gas, and that the fragment masses tend to be smaller in these cases, while no clear trends are recognized for lower SFEs.
In Figure 4 we show the number of protostars as a function of the SFE. Sometimes the number of protostars increases with the SFE because new protostars form, but we also see dips which are indicative of merger events that keep occurring throughout the gas collapse in each of our models. These mergers impart their deep impact on the statistical evolution of the protostars. The less massive protostars during the dynamical interactions with their counterparts experience a capture phenomenon and are merged with the other protostars, hence, making them more massive and even stronger attractors for the subsequent interactions. This process of dynamical capturing of protostars increases both the mean mass M * mean and the value of the most massive protostar M * max (see Table 1 ) residing in the collapsing gas at a given point of time as a function of SFE. Figure  4 (left) shows the evolving total number of emerging protostars as a function of SFE. Figure 4 has two panels in which on the left we show the evolving total number of emerging protostars as a function of SFE in the respective models M1a−M5a. Every sudden rise and fall in the plot indicates the formation of new protostars inside the gas and the mergers of the protostars. We notice that the two processes of emergence and mergers of protostars remain frequent particularly for the cold molecular gas models such as M1a and M2a. From ξ ∼ 5 % these two cold gas models clearly get separated from the rest of the warm models of M3a−M5a which do not show any significant mergers. This behavior continues until ξ ∼ 15 %.
Similarly, the panel on the right shows the evolving total number of protostars as well as their mergers as a function of SFE in the respective models M1b−M5b. Except for the relatively warmer gas cloud model M3b, which shows a marginal lead in terms of the emergence of new protostars and their mergers around ξ = 5 %, the two cold molecular gas models of M1b and M2b again show more protostars compared to the warm gas models M4b and M5b. Model M2b, at least until ξ ∼ 7 % remains consistent with the notion that cold gas models yield a greater number of protostars. However, beyond ξ ∼ 7 %, the trend is less obvious as statistical fluctuations are significant. From ξ ∼ 7 % onwards the trend of a greater number of protostars for cold gas models becomes even more clear, which for the cold gas model of M1b continues until the selected end of the evolving models i.e., ξ = 15 %.
The mean mass M * mean as a function of SFE in both sets of models is described in Figure 5 . The panel on the left illustrates the model set M1a−M5a. To understand the results better we first determine the specific value of the SFE where the transition from a fragmentation to accretion dominated regime takes place. On the left, we find ξ ∼ 7 % as the transition point between these two regimes.
In the left panel of Figure 5 we find that the mean values of the protostellar mass for the set of models M1a−M5a is related to the thermal conditions in the star forming gas (see also Table 1 ) for ξ ∼ 8 %, providing evidence for higher average masses once accretion takes over in higher temperature models. The total number of fragments is reduced when the initial temperature is higher. It is evident that before ξ ∼ 5 % the mass accumulation in Figure 5 shows no statistically significant dependence on the gas temperature in our results but on dynamical interactions and subsequent mergers. Figure 6 shows the accretion characteristics for the protostar that has the longest accretion history in the collapsing gas cloud without being merged with any other fragments, and in principle a similar behavior should be expected for all protostars on thermal grounds. Figure 6 also shows that once the evolution crosses ξ ∼ 5−8 %, there is a tendency for enhanced mass accretion in some protostars, although this trend is not shared in all cases.
In the warm molecular gas clumps are expected to be more massive and also to be further apart because of the fragmentation occurring at lower densities (see Figure 1 ) and larger separations. Hence in warm gas models mergers are less likely. A significant number of merger events is more likely to happen in cold molecular gas than in warm molecular gas mainly because cold clouds tend to fragment more hence by virtue of dynamical evolution increase the chances of protostellar mergers. After the transition to the accretion dominated regime the mergers continue and may further reduce the number of protostars. This leads to on average more massive protostars in the initially warmer models. Since the accretion dominated phase starts after ξ ∼ 5 %, we see a persistence in the trend of protostars taking higher mean mass values until ξ = 15 % in all of the explored models.
Similarly, the right panel in Figure 5 shows the second set of models M1b−M5b, which, in general, repeats the trend observed in models M1a−M5a. The point of transition from the fragmentation dominated regime to the accretion dominated regime in case of the second set of models appears at ξ ∼ 5 %. In the two sets of models we see that in the ξ = 10 % to ξ = 15 % snapshots precisely the warmer clouds yield higher mean masses M * mean than clouds with cold molecular gas. Figure 6 illustrates the mass accumulation history and the mass accretion rate over time for the most long-lived self-gravitating fragment in each of our studied models. To describe the possible trend in the mass accretion rate profiles and their likely connection with the thermal state of the molecular clouds we choose this particular protostar with the intent to show the long-term evolution that takes place during the collapsing phase of star forming gas. The figure shows the mass and the accretion rate of the protostar as a function of time. We also draw three vertical dashed lines in black, green, and purple colors describing the stages of evolution in terms of the SFE of the gas at ξ = 2 %, 5 %, 10 %, and 15 %, respectively. We notice that for a protostar the accretion can be categorized into two types. The first depends on the surrounding temperature of gas that the protostar accretes. For the given gas temperature it follows the relation (Shu et al. 1987 )
where cs is the sound speed including the dependence on the thermal state of the gas. This is the expected accretion rate in low-mass star formation (Hosokawa and Omukai 2009 ). In the second type of accretion the protostar swallows nearby less massive fragment(s) that during the dynamical evolution come closer and start entering the potential well of the protostar. This second type of accretion, which has been referred to as a merger, is usually responsible for the sudden vertical rise in the mass accumulation rate and the associated subsequent peak which occurs in the mass accretion rate of the protostar. We show the maximum mass M * max of the protostars as a function of evolving SFE in each of our models in Figure  7 . For the first seed we see in the left panel an initial weak dependence of M * max on the initial temperature of the collapsing clouds until ξ ∼ 7 %. After ξ ∼ 7 % until ξ = 15 % the protostars in warmer clouds attain higher value of M * max . Similarly, in the right panel we find an even more clear trend from ξ ∼ 5 % onward with a relatively strong dependence of the maximum stellar mass on the gas temperature. The trend gets pronounced after ξ = 8 % and continues to be so until ξ = 15 %.
Finally, Figure 8 shows the minimum mass M * min of the protostars as a function of evolving SFE in each of our models. This figure is divided into two panels where the left panel indicates models belonging to the first seed and the right panel covers the second seed related models. We generally see strong fluctuations in the plots. The most likely reason is that when a protostar is formed, it can only have a mass which is close to the minimum attainable mass in the simulation and so must be of the same order of magnitude as the Jeans mass. Despite the fluctuations which can temporarily reverse the trend, the lowest protostellar mass tends to increase with higher temperatures in the two panels of the figure. There is no evidence of a change when the simulations evolve from the fragmentation regime to the accretion dominated regime.
CONCLUSIONS
We have good indications that typical features of the IMF such as the mean, minimum and maximum stellar mass are regulated by the two key physical processes of fragmentation and mass accretion. Our simulations indicate the presence of two distinct regimes of protostellar mass growth, one where the protostellar masses are dominated by the initial fragmentation, and one where they are dominated by the accretion process. In the fragmentation dominated regime one expects at best a very weak dependence on the initial temperature of the gas, as the Jeans mass is very similar at the transition point from an approximately isothermal to an adiabatic EOS. In the accretion dominated regime, on the other hand, we find that the average mass correlates with the gas temperature.
We have quantified the role of these processes with numerical simulations, varying the initial gas temperature from 10 to 50 K, assuming transsonic turbulence and a ratio of rotational to gravitational energy of 1 %. We pursued two sets of models with different random seeds to initialize the turbulence, corresponding to different realizations with the same statistical properties.
Before the transition to the regime dominated by accretion, there is no evidence of a temperature dependence, confirming previous results e.g. by Lee and Hennebelle (2018) and Lee and Hennebelle (2019) . As a result, one may expect a rather universal IMF if the SFE is low enough. If higher SFEs are reached, our simulations show that one would expect a dependence of the accretion process on temperature. This could be caused by local radiation backgrounds that heat up the gas. The minimum temperature of the gas is expected to increase with cosmic redshift, as cooling becomes inefficient below the CMB temperature. The temperatures explored here correspond to a redshift range from 2.7 to 17.3, if interpreted to be due to the temperature of the CMB, thus covering a significant range in redshift, while in the presence of a sufficiently strong radiation background heating the gas, the models can be applied at lower redshift as well. Our approach implicitly assumes the presence of dust, as the latter regulates the transition from an approximately isothermal to an adiabatic regime, while a different and more detailed chemical model should be applied for a purely primordial gas (see e.g. Riaz et al. 2018c ).
The effective mass accretion phase helps the protostars to grow in mass as well as in number which lead to the eventual higher mean masses M * mean associated to the warmer clouds until the SFE reaches ξ = 15 % at the end of our simulations. The total number of protostars in each of our models and the associated protostellar mergers as a function of SFE also provide an insight which support the existence of a transition from a fragmentation dominated to an accretion dominated phase inside collapsing gas clouds. Despite the lesser number of mergers the warmer gas clouds show a higher mean mass M * mean after a critical SFE of about ξ ∼ 5−7 %. Our analysis of mass accretion for the longest surviving protostar in each model provides a demonstration of the transition from the fragmentation dominated regime to accretion dominated regime in star forming gas clouds.
The maximum mass of the protostars also seems to follow the transition from the fragmentation to the accretion dominated phase. M * max shows a relatively strong dependence on the temperature of the cloud and also reflects the critical SFE within ξ ∼ 5−7 %. The minimum mass of the protostars in our explored models, however, shows a much weaker dependence and remains subject to statistical fluc- tuations. We suspect that such a trend, for the maximum mass in particular, could be an indication that the increasing thermal pressure in the star forming gas removes stars from the low-mass end of the IMF. Overall, our results suggest that the IMF will be influenced by the initial temperature of the gas if the SFR is high enough.
